Tyrosyl-DNA phosphodiesterase (Tdp1) was discovered as an enzymatic activity from Saccharomyces cerevisiae that specifically hydrolyzes the phosphodiester linkage between the O-4 atom of a tyrosine and a DNA 3' phosphate [1] . This type of linkage is typical for the covalent reaction intermediate produced upon Topoisomerase 1 (Top1) cleavage of one DNA strand. Tdp1 activity is not limited to the removal of Top1 adducts. Human Tdp1 can also hydrolyze other 3' end DNA alterations that are covalently linked to the DNA, indicating that it may function as a general 3' DNA phosphodiesterase and repair enzyme [2] . Oxidative damage at DNA ends (i. e. the termini of DNA single-or doublestrand breaks) or intermediates in the base excision repair process may represent substrates for Tdp1 in vivo. For example, it is conceivable that Tdp1 acts on the 3' phospho-a, b-unsaturated aldehyde (3' dRP) that results from b-elimination by the base-specific mammalian DNA glycosylases/AP lyases (for example, OGG1 or NTH1) [3, 4] . Also Tdp1 can remove the tetrahydrofuran moiety, a synthetic analogue of abasic (AP) site, from the 3' end of DNA [5] . In addition, human Tdp1 possesses the 3' nucleosidase activity in which a single nucleoside is removed from 3' hydroxy terminated ribo-and deoxyribonucleosides [5] .
The yeast enzyme was reported to be unable to cleave the DNA phosphate backbone, but it is possible that the assay used was not sensitive enough to detect this activity [6] . It has also been reported that yeast Tdp1 is capable of hydrolyzing DNA 5' phosphotyrosyl linkages [7] , suggesting a possible role for the yeast enzyme in the repair of topoisomerase II covalent complexes, although such 5' processing activity has not been found for human Tdp1 [1, 8] . Notably, the human enzyme with 5' cleavage activity has recently been reported and referred to as Tdp2 (TTRAP) [9] .
The 3' phosphate end generated by Tdp1 has to be hydrolyzed to a 3' hydroxyl in order to enable the following DNA repair. Polynucleotide kinase 3' phospha-tase (PNKP), a bifunctional enzyme with 5' kinase and 3' phosphatase activities, has been suggested as a reasonable candidate in human cells for the repair of these 3' phosphate lesions. Tdp1 has been shown to exist in complex with PNKP in human cells [10, 11] .
Quite recently we have shown a new activity of Tdp1 catalyzing cleavage of AP site with the formation of 3' and 5' phosphate termini [12] . AP sites in cellular DNA arise as a result of excision of the oxidatively damaged bases by DNA glycosylases that initiate base excision repair (BER), or by spontaneous hydrolysis that generates several thousand AP sites per day in living cells [3, 13] . The major enzyme in eukaryotic cells that catalyzes the cleavage of AP sites is apurinic/apyrimidinic endonuclease 1 (APE1). APE1 hydrolyses the phosphodiester bond on the 5' side of AP sites (Fig. 1) .
Bifunctional DNA glycosylases that excise oxidized bases also possess an intrinsic lyase activity, cleaving the DNA at the resultant AP sites [14] . These DNA glycosylase/AP lyases belong to two broad classes of enzymes according to their reaction mechanism. Escherichia coli Nth is the representative of one class that utilizes an internal lysine as the active site nucleophile and cleaves the DNA strand at the AP site by b elimination, generating a 3' dRP at the strand break [15] . In contrast, another class of mammalian DNA glycosylases, belonging to the family of E. coli Nei and Fpg (named Neilike (NEIL)) catalyzes bd elimination at the AP site and removes a deoxyribose residue to produce a 3' phosphate terminus at the DNA strand break [16] .
However, the human Tdp1 protein also can initiate repair of AP sites [12] . We have shown that the human Tdp1 can initiate repair of AP sites generating DNA strand break with the 3' and 5' phosphate termini from the AP site [12] , therefore it can function in a fashion similar to NEIL1 in the APE-independent BER pathway. 3' phosphate ends generated by Tdp1 are efficiently removed by PNKP to produce a 3'-hydroxyl, which can be processed further and repaired by DNA polymerases and ligases [17] [18] [19] . Tdp1 is known to interact with base excision repair proteins: DNA polymerase beta (Pol b), XRCC1, poly(ADPribose)polymerase 1 (PARP1) and DNA ligase III [2, 10, 20, 21] . So, the repair of AP site initiated by Tdp1 fully restored the intact DNA and generated the products of the expected lengths at each intermediate stage. In summary, the human Tdp1 protein can initiate APE1-independent repair of AP sites and 3' dRP termini that expands the ability of the BER process. To study an ability of Tdp1 to process the 3' dRP moiety AP DNA was first incubated with Endo III. Following incubation of this product with Tdp1 results in an oligonucleotide with 3' phosphate, which can be removed by PNKP. Thus, Tdp1 is able to remove the 3' dRP that allows realizing the APE1-independent pathway of BER where AP sites are cleaved by bifunctional DNA glycosylases via the b elimination mechanism.
Recently Tdp1 contributions in BER process in mitochondria [22] and yeast Schizosaccharomyces pombe [23] have been proposed. Nilsen with coworkers [23] described also AP endonuclease independent repair pathway for removal of the AP sites in S. pombe that is initiated by bifunctional DNA glycosylase, Nth1 and followed by cleavage of the baseless sugar residue by tyrosyl phosphodiesterase Tdp1. Nth1 initiates the repair by b-elimination of the AP site, whereas Tdp1 cleaves the 3' dRP to generate a 3' P that can be further processed by phosphatases. This newly identified branch of the BER pathway with Tdp1 working downstream of Nth1, seems to function as an important backup repair pathway in the absence of Apn2 in the repair of the AP sites in S. pombe.
In summary, these authors showed that Tdp1 played a more general role in DNA repair than only removal of Top1-mediated DNA damage. Tdp1 can be placed in a new branch of the BER pathway working downstream of Nth1 by processing the 3' dRP left after Nth1 cleavage.
As a repair enzyme, Tdp1 exhibits considerable versatility in removing a diverse spectrum of adducts from Fig. 1 . Scheme of hydrolysis of the AP site in one strand of DNA duplex by different enzymes the 3' end of DNA. In addition to a tyrosine residue, the enzyme can hydrolyze 3' phosphodiester linkages involving short peptides, a nucleoside, an abasic residue, an artificial biotin adduct, and a glycolate moiety [5, [24] [25] [26] . The feature common to all of these substrates is DNA, but there is a discrepancy between the biochemical and structural observations concerning whether the DNA molecule is single or double stranded. In a crystal structure containing oligonucleotide six bases in length, only the three nucleotides closest to the scissile phosphate are visible and they occupy a narrow groove extending away from the active site [27, 28] .
To better understand the substrate features that are recognized by Tdp1, the size of either DNA or protein component of the substrate was varied by Interthal and Champoux [29] . Competition experiments and gel shift analyses comparing a series of substrates with DNA lengths increasing from 6 to 28 nucleotides indicated that, contrary to predictions based on the crystal structure of the protein, the apparent affinity for the substrate increased as the DNA length increased over the entire range tested. It has previously been found that a substrate containing the full-length native form of human topoisomerase I protein is not cleaved by Tdp1. The protein-oligonucleotide complexes containing either 53 or 108 amino acid long topoisomerase I-derived peptide were efficiently cleaved by Tdp1, but like the full length protein, a substrate containing 333 amino acid topoisomerase I fragment was resistant to cleavage. Finally, they have shown that the activity of the proteasome is required in vivo for the Tdp1 cleavage of topoisomerase I-DNA covalent complexes [29] .
The reaction catalyzed by Tdp1 proceeds through a covalent intermediate in which an active site histidine (His263 in human Tdp1) is linked by a phosphamide bond to the DNA 3' phosphate from the substrate [30, 31] . The importance of Tdp1 in humans is highlighted by the observation that a recessive mutation in the human TDP1 gene is responsible for the inherited disorder, spinocerebellar ataxia with axonal neuropathy (SCAN1) [32] in which a H493R mutation in the TDP1 gene causes the accumulation of both Top1-DNA and Fig. 2 . The proposed mechanism of human Tdp1 and mutants (H263A) and H493R (SCAN1) interaction with AP site. Structure of Tdp1 active site modified from [2] Tdp1-DNA covalent intermediates in vivo [10, [33] [34] [35] . The cells from SCAN1 patients are hypersensitive to the specific Top1 poison camptothecin and accumulate elevated Top1-associated DNA breaks in response to camptothecin [5, 10, 36] .
A catalytic mechanism proposed on the basis of the Tdp1 structure includes two histidine residues, namely His263 and His493, in the active center [30, 31] . We checked two mutants of Tdp1 in which these histidines were replaced. In one of the mutants the histidine 493 was replaced to arginine (H493R). This mutation is responsible for the autosomal recessive neurodegenerative disease, SCAN1. In the second mutant, the histidine 263 was replaced to alanine (H263A). To analyze an involvement of these residues in the AP site hydrolysis we have analyzed binding to AP-DNA and activity in the reaction of AP site cleavage of two Tdp1mutants. DNA binding experiments by using these mutant proteins indicate that both mutants can bind the AP site DNA as similar as the human Tdp1. However, using ssDNA and dsDNA structures containing the AP site we showed that both mutants did not reveal endonuclease activity obtained for wild-type Tdp1. On the basis of our data we proposed the mechanism of the AP site cleavage by Tdp1 (Fig. 2) .
Altogether, our results suggest that the AP site cleavage activity of human Tdp1 can be important to initiate the repair of AP sites. This activity was revealed in the context of cluster-type lesions when the AP sites are located nearby bulky lesions in DNA structure. Therefore this new activity of tyrosyl DNA-phosphodiesterase 1 can contribute to the repair of AP sites and this pathway is independent on the AP endonuclease 1 activity.
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